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This  report  describes  research  performed  by  Universal  Energy  Systems, 
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of  Microwave  Plasmas." 
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SECTION  I 


INTRODUCTION 

A  microwave  excited  plasma  is  capable  of  providing  electrical  energy 
to  a  gas  without  using  metallic  electrodes.  This  eliminates  the  contami¬ 
nation  due  to  degassing  and  sputtering  of  the  electrodes  and  allows  a  more 
complete  characterization  of  the  discharge.  In  addition,  microwave  excita¬ 
tion  can  be  used  to  study  discharges  in  gases  which  would  corrode  metal 
electrodes.  This  section  of  the  technical  report  describes  an  investigation 
of  microwave  excited  discharges  in  a  variety  of  gases.  In  many  cases,  the 
materials  investigated  were  solids  at  room  temperature  and  required  extensive 
heating  to  produce  the  gas  phase.  These  included  mercury  and  a  mixture  of 
mercury  and  metallic  halide  additives  which  were  shown  to  be  efficient 
emitters  of  ultraviolet  radiation  when  in  a  microwave  discharge.  The 
investigation  also  included  several  materials  which  are  candidates  for 
efficient  visible  or  ultraviolet  lasers. 

The  equipment  used  to  excite  and  diagnose  microwave  discharges  is 
described  in  Section  III  of  this  report.  A  procedure  for  a  detailed 
analysis  of  the  rotational  and  vibrational  population  distribution  of 
microwave  excited  sulfur  molecules  is  presented  in  Section  IV.  Section  V 
describes  the  results  obtained  with  different  gas  fills  of  the  discharge 
tubes,  followed  by  a  discussion  of  the  impurities  observed  in  sulfur 
discharges. 
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SECTION  II 


MATERIALS  INVESTIGATED 


1.  MERCURY  VAPOUR 

The  need  for  pulsed  ultraviolet  sources  for  photolysis  has  demanded 
emphasis  on  a  new  regime  in  pulsed  light  sources  requiring  higher  tempera¬ 
tures  ar.d  efficiencies  for  the  production  of  electromagnetic  radiation 
with  wavelengths  of  220  nm  to  350  nmflj.  These  new  demands  raise  some 
questions  as  to  whether  the  traditional  xenon  flash  tubes  would  be  the 
most  effective  source.  It  seems  that  other  modes  of  excitation  and  other 
gases  might  be  more  suitable. 

A  recent  commercially  available  development  in  cw  ultraviolet 
sources  using  a  2.45  GHz  microwave  excited  mercury  arc  tube  has  lead  to 
efficiencies  at  least  equivalent  to  the  direct  electric  mercury  arc  with 
much  longer  lifetimes  (3000  hours  warranty)  for  the  electrodeless 
tubes  (2].  An  air  cooled  twin  antenna  irradiator  in  its  commercial 
form  deposits  120  watts  per  centimeter  along  a  25  cm,  8  mm  i.d.  tube. 

With  a  microwave  power  input  of  3000  watts  from  65%  efficient  magnetrons, 
the  uv  output  in  the  region  of  interest  was  about  1000  watts,  resulting 
in  an  overall  efficiency  somewhat  better  than  20%. 

Before  the  advent  of  the  xenon  flash  tube  which  proved  so  superior 
in  the  visible  spectrum,  some  work  was  done  with  pulsed  electric  dis¬ 
charge  mercury  tubes  13].  These  studies  were  done  with  cold  tubes  with 
an  average  temperature  close  to  ambient.  The  tubes  contained  an  excess 
of  condensed  mercury  in  a  few  torr  of  argon.  When  excited  with  a  high 
voltage  pulse  with  a  half-width  of  about  3  ysec  at  a  one  megawatt  power 
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level,  a  corresponding  width  for  the  light  pulse  was  produced  with  an 
output  of  30  lumens  per  watt  and  thus  an  efficiency  of  up  to  one-half 
that  of  the  cw  irradiator  produced  light. 

For  these  reasons  a  feasibility  test  on  the  pulsed  ultraviolet 
production  from  microwave  excited  plasmas  had  been  undertaken  [41. 

As  a  starting  point,  the  commercially  available  mercury  filled  tubes 
were  tested  with  the  twin  antenna  irradiator.  This  report  describes  the 
continuation  of  this  work  with  a  microwave  irradiation  system  somewhat 
modified  from  that  described  in  reference  (41 . 

The  results  presented  in  Section  V  indicate  that  strong  self 
absorption  of  the  radiation  emitted  by  mercury  atoms  was  taking  place. 
Additional  discharge  tubes  with  doping  compounds  added  to  the  mercury 
were  tested.  The  dopants,  Snl2  and  Mnl2,  are  efficient  radiators  in 
the  220-350  nm  wavelength  region.  The  vapor  pressure  of  the  additives, 
shown  as  a  function  of  temperature  in  Figure  1,  is  sufficiently  low 
that  self  trapping  is  not  a  problem.  The  vapor  pressure  of  mercury  and 
of  the  additives  is  controlled  by  the  temperature  of  the  inside  wall 
at  the  coldest  spot  on  the  discharge  tube. 

For  mercury  and  mercury-metal  halide  electric  arc  lamps,  Waymouth 
[5,61  describes  a  calculation  of  the  temperature  as  a  function  of 
discharge  tube  radius  from  the  steady  state  energy  balance  equation. 
Local  thermodynamic  equilibrium  was  assumed  in  order  to  use  the  Saha 
equation  to  describe  the  temperature  dependence  of  the  electron  density. 
A  calculated  temperature  profile  illustrated  in  Figure  2  characterizes 
an  arc  that  is  "wall  stabilized,"  that  is,  it  has  a  relatively  steep 
temperature  gradient  at  the  walls.  If  the  arc  axis  should  move  from  the 
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center  toward  one  side,  the  temperature  gradient  on  that  side  would 
steepen.  This  increases  the  heat  conduction  loss  and  tends  to  cool 
the  arc  on  that  side.  The  temperature  gradient  on  the  other  side  would 
become  less  steep,  resulting  in  less  heat  conduction  loss  which  would 
permit  the  arc  temperature  to  rise  somewhat.  The  effects  of  the  changes 
in  the  heat  conduction  loss  therefore  partly  cancel  the  initial  motion 
of  the  arc  column.  This  serves  to  stabilize  the  arc  against  motion  in 
the  tube.  By  contrast,  a  temperature  profile  such  as  is  shown  in 
Figure  2(B)  would  be  unstabilized.  A  relatively  large  motion  of 
the  arc  core  in  the  tube  causes  little  or  no  change  in  heat  conduction 
loss  and  the  walls  exert  no  stabilizing  influence  on  the  arc.  The  arc 
position  is  therefore  strongly  affected  by  convection  and  turbulence 
and  generally  wanders  erratically  around  the  cross  section. 

A  wall  stabilized  arc  in  a  single  component  discharge  occurs  when 

V  >  V./2 

where  IT  is  the  ionization  potential  and  V  is  the  average  excitation 
potential.  The  total  optical  output  per  radiating  atom  can  be  approxi¬ 
mately  expressed  as  a  single  exponential  15]: 

PR  -  Ce'e?/kT 

For  a  gas  in  equilibrium  the  validity  of  this  expression  has  been  checked 
and  V  has  been  evaluated  for  various  emitters.  Resonance  lines  are  not 
considered  because  they  are  so  strongly  self  absorbed  that  they  contri¬ 
bute  little  to  the  total  radiation  output.  For  mercury  V  >  V^/2  and  a  well 
stabilized  discharge  is  observed.  Additives  added  to  the  mercury  will  lower 
the  average  excitation  potential  and  a  non-wall  stabilized  discharge  may 
result.  Such  is  the  case  for  HgBrz  discharges. 


2.  MERCURY  BROMIDE 


Mercurous  bromide  fluoresces  at  about  500  nm  when  mercuric  bromide 
is  dissociated  by  irradiation  with  ultraviolet  light  or  by  an  electrical 
discharge.  Photo  dissociation  [7]  and  electric  discharge  [8,9]  lasers 
at  the  fluorescing  wavelength  have  been  produced  in  HgBr.  Moreover,  it 
has  been  found  that  the  laser  emission  is  enhanced  by  the  addition  of 
nitrogen  to  the  gas  mix  110,111  * 

e  +  Na(X)  MA) 
or 

e  +  MX)+  N2(B,C) 

followed  by 

N2(B,C)  +  Na(A) 

Then  dissociative  excitation  transfer  to  HgBr  takes  place 

Na(A)  +  HgBr2 -*■  HgBr(B)  +  Br  +  n2(X) 

A  high  density  of  excited  HgBr  molecules  can  be  produced  in  this  way. 

The  excited  HgBr(B)  decay  to  the  ground  state 

HgBr(B)  -*•  HgBr(X)  +  hv 

radiating  at  502  nm  with  a  lifetime  of  24  ns  [12],  or  lasing  in  the 
presence  of  an  optical  cavity.  The  mercurous  bromide  recombines  with 
the  free  bromide 

HgBr  +  Br  -*■  HgBr2 

Thus,  the  system  is  cyclic  and  does  not  consume  the  active  molecule. 
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Two  discharge  tubes  containing  mercurous  bromide,  one  with  and 
one  without  nitrogen,  were  available  and  the  visible  emission  from  these 
tubes  induced  by  a  microwave  discharge  was  studied. 

Mercury  bromide  is  a  solid  at  room  temperature.  The  discharge 
tubes  required  heating  to  produce  a  significant  vapor  pressure  of  HgBr2. 
The  vapor  pressure  curve  is  presented  in  Figure  3. 

3.  XENON  CHLORIDE 

Rare  gas  halide  excimers  lasers  (13)  are  the  most  common  ultra¬ 
violet  lasers  available  at  this  time.  This  class  of  lasers  is  however 
adversely  effected  by  contamination,  and  only  the  XeCl  laser  has  been 
shown  to  be  capable  of  long  term  sealed  operation  [143 .  Microwave  dis¬ 
charges  were  investigated  in  several  mixtures  of  HC1 ,  xenon,  and  neon 
which  were  prepared  in  a  discharge  tube  sealed  with  a  teflon  valve.  In  an 
electron  beam  assisted  discharge,  energy  deposition  occurs  mainly  through 
dissociative  attachment  to  vibrationally  excited  HC1  [15] 

e  +  HC1  -  HC1(V)  +  e 
e  +  HC1(V)  -  H  +  CT 
Xe  +  Cl"  -*•  XeCl  (B)  +  e 

The  XeCl(B)  decays  to  a  dissociative  ground  state  in  10"8  seconds  [13]. 
The  same  excitation  pathway  may  be  applicable  to  the  experiments  described 
here. 

4.  THALLIUM-MERCURY 

Many  of  the  efficient  electronic  transition  lasers  to  date  have 
been  excimers,  in  particular  the  noble  gas-halogen  excimers  such  as  that 
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described  in  the  previous  section.  These  and  related  lasers  depend  on 
the  production  of  noble  gas  metastable  atoms  of  8  eV  or  higher  energy  for 
their  excitation.  With  such  a  high  initial  energy  input  per  molecule, 
any  laser  could  be  efficient  only  if  the  lasing  band  is  in  the  ultra¬ 
violet.  In  order  to  produce  a  high  efficiency  electronic  transition 
laser  in  the  visible,  atoms  with  relatively  low  lying  electronic  levels 
are  much  more  suitable.  Since  the  first  excited  state  of  mercury  is  at 
5  eV  it  can  transfer  energy  relatively  efficiently  to  metal  atoms  radiating 
in  the  visible.  Moreover  mercury  acts  much  like  a  noble  gas  in  many 
respects,  perhaps  because  of  the  shielding  effect  of  its  closed  5d  shell, 
but  is  twice  as  polarizable  as  the  rare  gas  molecules.  Therefore,  mercury 
provides  strong  bands  when  combined  with  other  metal  atoms.  Strong  Tl-Hg 
band  emission  at  459  and  656  nm  has  been  observed  in  electron  beam 
initiated  discharges  in  Til  and  Hg  mixtures  [16).  This  band  emission 
has  also  been  observed  from  arc  discharges  117],  uv  preionized  discharges 
[18],  and  RF  discharges  [19].  A  plausible  model  for  the  dominant 
kinetic  processes  leading  to  the  formation  of  excited  TIHg  molecules  is 
presented  in  reference  [16], 

Discharge  tubes  containing  thallium  iodide  and  mercury  were 
available.  Thallium  iodide  is  used  as  a  source  of  thallium  atoms  because 
its  vapor  pressure,  presented  Figure  4,  is  considerably  lower  than 
that  of  thallium  metal.  Many  of  the  excited  electronic  levels  of  T1 I 
are  repulsive,  as  shown  Figure  5  .  Excited  T1  atoms  can  be  produced 
by  electron  impact  excitation  of  Til  to  repulsive  states  that  dissociate 
into  excited  states  of  the  T1  and  I  atoms,  by  photodissociation  of  Til 
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by  radiation  generated  in  the  discharge,  or  by  resonant  energy  transfer 
from  mercury  metastables  to  repulsive  excited  states  of  Til.  There  is 
insufficient  data  available  to  determine  the  relative  importance  of  the 
different  methods  of  producing  excited  thallium  atoms. 

Ground  state  thallium  recombines  with  iodine  primarily  on  the 
vessel  wall  (20) . 

5.  THALLIUM  XENON 

The  thallium  xenon  system  is  an  interesting  visible  laser  candidate 
[21,22].  In  an  electron  beam  initiated  discharge,  very  strong  emission 
was  observed  on  thallium  atomic  lines  and  on  TIXe  bands  at  365,  430, 

and  600  nm.  As  in  the  thallium-mercury  experiments,  thallium  iodide  is 
used  as  the  source  of  the  thallium  atoms,  lowering  the  temperature  required 
to  produce  an  appreciable  vapor  pressure.  Nevertheless,  a  temperature 
of  440  C  was  required  to  produce  an  appreciable  (10 16  cm"3)  density  of 
Til.  The  design  of  a  test  cell  for  studying  electron  beam  initiated 
discharges  at  the  high  operating  temperatures  presented  formidible  engin¬ 
eering  problems  [22].  To  avoid  these  difficulties,  it  was  desirable  to 
study  the  optical  emission  from  microwave  excited  plasmas  in  electrode¬ 
less  discharge  tubes. 

6.  SULFUR 

Recently  the  S2  molecule  has  been  made  to  lase  in  an  optically 
pumped  configuration  [23,24].  The  S2  was  formed  in  a  cell  heated  to 
500°  C  which  is  sufficient  to  dissociate  a  large  fraction  of  the  S8 
molecules  [25].  Optical  pumping  by  a  nitrogen  laser  (337.1  nm) ,  a 
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frequency  doubled  dye  laser  (209  to  305  nm)  or  an  argon  ion  laser  (363.8 
nm)  produced  lasing  action  over  the  range  365  to  570  nm.  An  S2  laser  may 
be  a  viable  alternative  to  laser  or  flashlamp  pumped  liquid  dye  lasers, 
since  the  S2  emission  bands  cover  a  wider  wavelength  range  than  that  of 
any  single  dye.  A  gaseous  laser  shows  promise  of  maintaining  medium 
homogeneity  under  higher  power  pumping  than  is  possible  with  a  liquid 
laser.  Moreover,  a  gas  laser  may  be  electrically  pumped  eliminating  the 
need  for  a  laser  pump. 

Stable  electrical  discharges  were  achieved  in  sulfur  tubes  [26,27] 
operated  at  a  considerably  lower  temperature  (0-250°  C)  than  that  used 
in  the  pumping  experiments.  The  S2  (B-*- X)  band  emission  was  observed  in 
great  detail.  In  these  experiments  interaction  between  the  sulfur  vapour 
and  the  electrodes  formed  low  vapor  pressure  metallic  sulfides  and 
eventually  limited  the  lifetime  of  the  discharge  tubes.  A  microwave 
discharge  in  an  electrodeless  sulfur  tube  would  overcome  this  limitation. 

The  vapor  pressure  of  sulfur  as  a  function  of  temperature  is  given 
Figure  3  .  The  sulfur  vapour  in  equilibrium  with  the  solid  is  a 
mixture  of  sulfur  atoms  and  molecules  ranging  from  S2  to  S8  [28,29]  ,  but 
predominantly  S8.  As  shown  in  Figure  6,  it  is  apparent  that  as  the 
temperature  is  increased  a  larger  fraction  of  the  sulfur  is  in  the  form 
S2.  When  the  temperature  is  increased  beyond  that  necessary  to  vaporize 
all  the  solid  sulfur  in  a  given  sample,  a  much  larger  fraction  of  the 
sulfur  will  be  dissociated  into  S2  [25].  At  pressures  of  a  few  torr  and 
temperatures  of  about  600  C,  the  sulfur  vapor  is  almost  entirely  in  the 
form  of  S2. 
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The  potential  energy  curves  of  low-lying  electronic  states  of 
diatomic  sulfur  are  illustrated  in  Figure  7.  The  ground  state  X  3I~ 

is  formed  from  two  ground  state  sulfur  atoms.  The  B"  3tt^  is  also 

formed  from  two  ground  state  atoms  but  is  an  excited  state.  The  lu  state 
is  an  unbound  state  and  represents  two  ground  state  atoms  coming  together 
with  no  bond  forming.  Finally,  the  B  3Z^j  state  is  made  up  of  one  excited 
atom  and  one  ground  state  atom  forming  an  excited  molecule.  The  levels 
v'<9  of  the  B  3I^  state  are  bound  and  strongly  perturbed  [30].  The 
levels  v'^10  are  not  observed  in  emission,  probably  due  to  strong 
predissociation  by  the  lu  state  of  Sz  [31].  The  potential  energy  curves 
of  the  two  states  are  fortunately  displaced  in  their  relative  internuclear 
position  so  that  the  lowest  vibrational  levels  of  the  B  3£~  excited  state 
lie  above  high  vibrational  levels  of  the  ground  X  3£"  state  which  are 
not  populated  at  temperatures  as  high  as  600°  C.  The  Franck -Condon 
factors  of  the  B-X  transition  are  as  large  as  0.1  for  many  b.'nds  and 
cover  broad  spectral  ranges  before  diminishing  [32].  The  measured 
fluorescence  lifetime  of  the  individual  states  is  approximately  45  ns 
[33].  The  bands  associated  with  this  system  extend  from  280  to  700  nm. 
Emission  from  the  B" 3I~  state  to  ground  has  recently  been  observed 
[26,27]  but  appears  to  be  much  weaker  than  that  from  the  B  3£‘  state. 

The  emission  intensity  on  an  optically  thin  molecular  band  [34] 
is  given  by 

IvV'  =  K  Nv(v’ )  ( Ty  •  v")%'  v"^v'  v"1* .  (1) 

Here  K  is  a  constant  which  allows  for  units,  Ny(v')  is  the  relative 
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Some  of  the  Approximate  Potential  Energy  Curves  of  the 
Sjj  Molecule. 

FIGURE  7 


17 


population  of  the  vibrational  level  in  the  excited  electronic  state  from 


which  the  emission  occurs,  and  qv.v„  is  the  Franck-Condon  factor  for  the 
transition  of  wavelength  X  ,  ,,.  Rfi(r)  is  the  electronic  transition 
dipole  moment  which  in  the  above  formula  is  evaluated  at  the  r-centroid 
for  the  transition.  For  diatomic  sulfur,  Rg  is  independent  of  v'  and 
v"  [32],  Thus,  the  spontaneous  emission  is  proportional  to  9v'v»/\' vm“- 
This  factor  is  summed  over  all  vibrational  levels  of  the  ground  state 
which  can  make  a  contribution  in  a  given  10  nm  interval.  For  example,  the 
points  plotted  at  300  nm  represent  transitions  which  occur  between  295  and 
305  nm  and  which  are  listed  in  Table  1.  The  sum  over  v'  is  plotted  in 
Figure  8  as  a  function  of  wavelength  for  different  values  of  the  excited 
state  vibrational  quantum  number  v'.  With  the  aid  of  these  functions, 
the  observed  spectrum  as  a  function  of  wavelength  can  be  deconvoluted  to 
find  the  populations  N^v')  of  the  vibrational  levels  of  the  excited 
electronic  state,  as  described  in  a  later  section. 

Absorption  and  stimulated  emission  is  proportional  to  qyl V»AV, v»* 

This  function  is  plotted  in  Figure  9  for  the  B-X  transition  of  diatomic 
sulfur.  For  a  given  v',  the  peak  of  the  stimulated  emission  probability 
is  shifted  to  the  red  with  respect  to  that  for  the  spontaneous  emission 
probability  because  of  the  different  dependence  on  wavelength.  The  fluores¬ 
cence  observed  from  discharge  excited  sulfur  peaks  at  wavelengths  of  about 
300  nm.  Stimulated  emission  from  sulfur  excited  under  the  same  conditions 
is  expected  to  peak  at  wavelengths  near  360  nm. 

Rotation  of  the  S2  molecule  and  its  contribution  to  the  observed 
spectrum  is  discussed  in  detail  in  a  later  section,  in  which  it  is  shown 
that  the  rotational  band  shape  can  be  used  to  determine  the  gas  temperature. 
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TABLE  1  B-X  Transitions  in  Diatomic  Sulfur  Occurring 
Between  295  nm  and  305  nm 


V* 

V" 

Vv" 
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FIGURE  8 
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FIGURE  9  Probability  of  stimulated  emission  from 
excited  states  of  S^. 
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SECTION  III 


MICROWAVE  APPLICATORS  AND  AUXILLIARY  EQUIPMENT 

1.  MICROWAVE  APPARATUS 

A  variety  of  microwave  equipment  was  available  to  study  discharges. 
This  equipment  has  been  described  in  reference  4  and  in  the  manual  prepared 
for  operation  of  the  microwave  irradiation  facility  [35].  The  two  applica¬ 
tors  which  could  be  used  in  irradiation  experiments  were  the  Fusion  Systems 
twin  antenna  applicator  in  which  the  plasma  tube  forms  a  lossy  central 
conductor  in  a  coaxial  line  and  the  interdigital  applicator  in  which  the 
discharge  is  excited  by  evanescent  fields  near  the  applicator  surface. 

Figure  10  shows  as  an  example  the  microwave  equipment  used  with  the  sand¬ 
wich  applicator  formed  from  two  interdigital  applicators.  Two  continuous 
and  two  pulsed  microwave  sources  could  be  used.  Circulators  and  dummy 
loads  protected  the  sources  from  reflected  and  transmitted  power  not 
absorbed  by  the  plasma,  and  power  meters  monitored  the  reflected  and 
transmitted  power.  A  similar  configuration  was  used  with  the  Fusion  Systems 
applicator,  as  described  in  the  references  mentioned  above. 

2.  OPTICAL  DIAGNOSTIC  AND  RECORDING  EQUIPMENT 

The  optical  components  used  to  monitor  the  visible  and  ultraviolet 
emission  from  plasma  tubes  is  illustrated  in  Figure  11.  The  output  from 
the  photomultiplier  was  processed  by  the  data  collection  system  shown  in 
Figure  12  to  separate  out  the  pulsed  and  CW  components  of  the  emission. 

Two  computer  programs  PEAKPR  and  MERCHA  were  used  predominately  with 
mercury  and  sulfur  discharge  tubes  respectively  and  are  described  in 
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FIGURE  10  Experimental  arrangement  util izi ng  sandwich  applicator 
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FIGURE  11 

SCHEMATIC  DIAGRAM  OF  OPTICAL  COMPONENTS 
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FIGURE  12  Components  of  the  Data  Collection  System 


detail  in  the  manual  for  operating  the  microwave  facility  [35].  The 
computer  programs  corrected  the  photomultiplier  readings  for  the  background 
readings,  made  adjustments  for  the  spectral  sensitivity  of  the  photomulti¬ 
plier  and  spectrometer,  and  integrated  the  output  of  the  discharge  tubes 
over  various  spectral  regions. 

The  programs  required  as  input  an  analytical  form  of  the  spectral 
sensitivity  curve.  This  was  prepared  by  calibrating  the  spectrometer  and 
photomultiplier  with  a  tungsten  lamp,  as  described  in  the  report  "Optical 
Calibration  of  Spectral  Diagnostics  for  the  Microwave  Irradiation  Facility. 

3.  PREPARATION  OF  DISCHARGE  TUBES 

A  vacuum  station  for  fabrication  of  quartz  discharge  tubes  has  been 
assembled.  The  station  has  facilities  for  filling  tubes  from  a  stainless 
steel  manifold  connected  to  as  many  as  four  gas  cylinders,  and  from  a 
glass  manifold  connected  to  as  many  as  four  glass  gas  bottles.  The  base 
pressure  of  the  system  is  approximately  1.5  x  10-6  torr.  A  two  inch  oil 
diffusion  pump  provides  vacuum  pumping  for  the  system. 

In  the  duration  of  the  contract  about  twenty  five  discharge  tubes 
were  fabricated.  Most  of  these  contained  sulfur.  The  usual  method  for 
filling  discharge  tubes  with  sulfur  involved  preparing  and  cleaning  a 
discharge  tube,  placing  into  the  tube  the  desired  amount  of  sulfur,  and 
having  the  tube  fused  onto  a  vacuum  fill  station.  The  tube  was  evacuated, 
back  filled  with  several  torr  of  helium  or  some  other  buffer  gas,  then 
sealed  and  removed  from  the  vacuum  fill  station. 

A  new  technique  for  preparing  sulfur  discharge  tubes  has  been  tried 
and  abandoned.  The  discharge  tube  was  prepared,  fused  onto  the  vacuum 


fill  station,  and  then  baked  under  vacuum  for  several  hours  to  ensure 
its  cleanliness.  When  the  tube  was  returned  to  room  temperature,  sulfur 
was  distilled  from  a  reservoir  attached  to  the  vacuum  fill  station  into 
the  discharge  tube  which  was  then  backfilled  and  sealed.  To  maintain  the 
purity  of  the  sulfur  in  the  reservoir,  the  reservoir  was  valved  off  from 
the  main  part  of  the  vacuum  system  when  it  was  not  required.  A  glass- 
teflon  valve  was  used  because  of  the  corrosiveness  of  sulfur  vapor.  The 
valve  was  heated  during  the  distillation  process  to  prevent  condensation  of 
sulfur  in  the  valve.  The  failure  of  this  teflon  valve  under  high  tempera¬ 
ture  operation  lead  to  the  termination  of  the  attempt  to  prepare  ultraclean 
tubes  by  distillation.  The  heated  valve  allowed  air  to  leak  into  the 
system  during  distillation.  The  presence  of  a  background  gas  slowed  down 
the  distillation  process  and  left  impurities  in  the  otherwise  clean  dis¬ 
charge  tube. 

The  discharge  tubes  were  typically  6  or  8  nm  inside  diameter  with  a 
one  mm  wall  and  20  cm  in  length.  However,  both  wider  and  narrower  discharge 
tubes  were  made.  Some  discharge  tubes  with  Brewster  windows  were  prepared. 


SECTION  IV 

ANALYSIS  OF  SULFUR  DISCHARGES 

1.  THE  SPECTRA  OF  SULFUR 

The  visible  and  ultraviolet  emission  from  microwave  excited 
sulfur,  shown  in  Figure  13,  is  identified  as  the  B-X  transition  of  S2  [36]. 
The  two  peaks  at  low  wavelength,  shown  in  more  detail  in  Figure  14  , 
correspond  to  B:v'=9  to  X:v"=0  and  B : v ' =8  to  X:v"=0  respectively,  with 
unresolved  rotational  structure.  It  was  found  possible  to  determine  the 
temperature  of  the  gas  in  situ  by  comparing  the  bandshape  of  the  unresolved 
structure  with  the  results  of  a  computer  simulation.  The  method  for 
determining  temperature  was  the  basis  for  a  presentation  at  the  1979 
annual  meeting  of  the  Optical  Society  of  America  [37]  and  has  been 
submitted  for  publication  [38]. 

The  distribution  of  population  over  the  vibrational  levels  of  the 
electronically  excited  state  has  been  determined.  The  amount  of  radiation 
emitted  in  10  nm  intervals  between  275  nm  and  515  nm  is  deconvoluted  with 
the  known  Franck  Condon  factors  for  transitions  which  can  make  a  contri¬ 
bution  to  each  interval  (Figure  8)  to  find  the  population  of  vibrational 
states.  This  procedure  is  described  later  in  this  section. 

In  all  the  peaks  of  the  S2  spectrum  except  the  two  at  lowest  wave¬ 
lengths  shown  in  Figure  14,  there  are  different  but  overlapping 
vibrational  transitions.  Numerous  perturbations  of  the  B3Iu  state  arise 
by  interaction  with  a  1  state  [31].  Rotationally  resolved  measurements 
[31]  using  a  3.4  m  spectrometer  indicate  that  rotational  lines  greater 
than  J1  >  36  are  not  observed  in  v'=9  and  greater  than  J'  >  60  are  not 
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FIGURE  13  B-X  emission  spectra  of  microwave  excited  S2 


FIGURE  14  Emission  on  the  range  281  nm  to  293  nm  (right  side  to 

left  side)  from  a  tube  containing  70  Torr  of  sulfur  gas, 
for  a  variety  of  absorbed  power  levels  The  gas  tempera 
tures  determined  using  the  method  described  in  the  text. 
Increases  from  102  C  at  40  W/cm1  to  458  C  at  140  W/cmJ. 


observed  in  v'=8.  This  is  due  to  predissociation  of  the  highly  excited 
levels  for  which  the  energy  is  greater  than  the  dissociation  energy  of 
S2.  Because  the  perturbations  of  the  v'=8  level  are  less  severe  than 
those  of  the  v'=9  level,  and  because  the  B:v'=8  to  X:v"=0  transition  is 
clearly  separated  from  neighboring  transitions,  we  choose  to  use  the 
width  of  this  peak  for  temperature  determination. 

Both  the  B  and  X  states  of  S2  are  3Z_.  Because  of  the  second  order 
spin  orbit  interaction  involving  mixing  of  other  electronic  levels,  the 
coupling  between  the  electronic  spin  angular  momentum  S  and  rotational 
angular  momentum  N  is  intermediate  between  Hund's  cases  (a)  and  (b)  [39]. 
For  each  state  the  levels  with  low  N  tend  to  belong  to  case  (a)  and 
those  with  high  N  to  case  (b).  For  3I  molecules  belonging  to  case  (b) 
as  well  as  those  with  intermediate  coupling,  each  rotational  level  is  a 
triplet  with  values  of  the  total  angular  momentum  quantum  number  J(J=N+S) 
equal  to  N-l,  N,  and  N+l.  The  rotational  levels  of  both  the  upper  and 
ground  state  are  split  with  the  splitting  determined  by  a  spin-rotation 
coupling  constant  y  and  a  spin-spin  coupling  constant  A [40] . 

There  are  fourteen  possible  transitions  to  the  ground  state  for  each 
value  of  the  excited  rotational  quantum  number  N",  as  illustrated  in 
Figure  15.  Only  ten  of  the  fourteen  transitions  will  make  a  substantial 
contribution  to  the  emission.  The  fourteen  transitions  are  listed 
in  Table  2  along  with  the  designation  of  the  triplet  component  of  the 
upper  and  lower  states  and  the  change  in  the  rotational  and  total  angular 
momentum  quantum  numbers.  Comparison  of  Figure  15  and  Table  2  shows 
that  for  the  six  strongest  transitions  there  is  no  change  of  the  spin 
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FIGURE  15  tc  3T/  t.  ar.jitioni  fron  an  excited  level  with  ouantur 

nu. ',ber  N'. 
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TABLE  2 

Tabulation  of  the  transitions  originating  from  states 
with  a  given  value  of  rotational  quantum  number  N'. 


quantum  number.  In  the  second  group  of  four  transitions,  the  spin  quantum 
number  changes  only  by  two  units  while  the  total  angular  momentum  quantum 
number  changes  by  one  unit.  In  the  weakest  group  of  four  transitions, 
the  spin  quantum  number  and  the  rotational  quantum  number  each  change 
by  one  unit  in  the  opposite  sense  and  the  total  angular  momentum  quantum 
number  is  unchanged,  further  details,  including  formulae  for  the 
rotational  energy  levels  and  the  H5n1- London  line  strength  factors,  are 
given  by  Tatum  and  Watson  [40]. 

The  coupling  constants  y"  and  X"  for  the  ground  state  are  well 
known  for  all  vibrational  levels  [30,41].  However,  for  the  excited 
state,  the  values  for  X'  are  found  to  depend  strongly  on  the  vibrational 
level,  with  X'=-4.7  cm-1for  v'=0,2,  and  4;  X'=9.5  cm-1  for  v'=l,3,  and  5; 
and  X ‘ <0  for  v'=6  and  7  [42].  The  study  of  the  rotational  bandshape 
presented  here  for  the  B:v'=8  to  X:v'=0  transition  suggests  that  X *  =-5 
is  a  suitable  value  for  v'=8. 

In  diatomic  sulfur  there  are  only  odd  numbered  rotational  levels 
in  the  ground  state  and  even  numbered  rotational  levels  in  the  B  state. 
This  is  a  consequence  of  symmetry  of  the  eigenfunction  with  respect  to 
interchange  of  identical  nuclei  [39] . 

2.  EMISSION  INTENSITY  FROM  MOLECULES  IN  EQUILIBRIUM 

An  expression  is  derived  for  the  wavelength  dependence  of  the 
emission  from  electronically  excited  S2  molecules.  Assuming  rotational 
equilibrium,  the  Boltzmann  equation  is  used  to  describe  the  rotational 
population  in  the  excited  state.  Tnis  occurs  only  if  molecule-molecule 
collisions  dominate  the  kinetics  of  the  excited  state.  That  is. 
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rotational  relaxation  in  collisions  is  more  frequent  than  electron- 
molecule  excitation,  radiation  from  the  excited  state,  and  cascade 
electronic  transitions  into  the  B  excited  state.  Since  the  radiative 
lifetime  of  the  S2:B  state  is  about  40  ns  [41],  this  condition  implies 
an  S2  pressure  of  greater  than  four  torr,  assuming  a  collision  frequency 
of  5xl09  sec-1atnf 1 . 

The  power  radiated  from  a  unit  volume  of  gas  on  the  i^*1  transition 
originating  from  the  excited  rotational  state  N'  is 

I ^ ( N ‘ )  »  KS.(N')  exp[-E’(N‘)/kT]  (2) 

Here  S^(N')  is  the  rotational  line  strength  for  the  i*-*1  transition,  as 
shown  in  Figure  16,  and  is  the  rotational  energy  of  the  upper  state 
for  the  ith  transition.  K  is  a  factor  which  is  dependent  on  temperature 
but  approximately  independent  of  N'.  It  is  proportional  to  the  Franck- 
Condon  factor,  the  square  of  the  electronic  dipole  moment,  and  the  total 
population  density  of  the  excited  state. 

This  transition  occurs  at  a  frequency 

vi(N1)  =  ve  +  Avvib  +  F‘ (N* )  -  F?(N")  (3) 

which  may  be  calculated  with  the  formulae  of  Tatum  and  Watson  [40]  and 
the  data  of  [41].  The  transition  has  a  line  shape  function  g[v,v.(N' )] , 
so  the  intensity  I(v)  of  emission  at  a  frequency  v  is  given  by 

I(v)  =  E  E  Ii(N,)g[v,v.(N,)l  (4) 

i  N  *  1  1 

For  a  spectrometer  setting  v  ,  the  response  is  determined  by  a 
slit  response  function  W[v,v  ].  Then  the  observed  signal  is  given  by 
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WAVELENGTH  (nm) 

Line  strength  factors  for  electronic  transitions 
diatomic  sulfur,  as  a  function  of  the  transition 
wavelength. 


in 


OO 


(5) 


■ 

S(v$)  =  dvW(v,vs]I  E  LtN^g^.fN')] 

o  IN' 

For  the  apparatus  used  here,  the  slit  response  function  has  a  halfwidth 
(FWHM)  of  about  20  cm  1  while  the  natural  linewidth  of  the  transition 
is  about  0.007  cm-1  and  the  Doppler  width  at  room  temperature  is  about 
0.055  cm’1.  Hence  the  line  shape  function  is  approximated  by  a  delta 
function  and 

S(vs)  =  H  Ii(N,)W[v.(N,),v.]  (6) 

iN1 

3.  EMISSION  INTENSITY  FROM  LOW  PRESSURE  DISCHARGES 

When  rotational  relaxation  of  excited  state  molecules  is  negligible, 
the  rotational  distribution  of  the  S2:B  molecules  is  determined  by  the 
radiative  transition  rate,  which  depletes  the  excited  state,  and  by  the 
electron  excitation  rate.  It  is  assumed  that  the  dominant  source  of 
the  S2(B)  molecules,  which  are  responsible  for  the  observed  emission, 
is  electron  excitation  from  ground  state  molecules. 

S2(X)  +  e  +  S2(B)  +  e  (7) 

This  assumes  that  the  cascade  transitions 

S2(C,D, . . . )  -*  S2(B)  (8) 

and  excitation  in  dissociation  of  higher  sulfur  allotopes 
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Sn  =  e  -►  S2(B)  +  e  +  fragments 


(9) 


are  negligible. 

The  electron  excitation  cross  sections  for  the  X  to  B  transition 
process  [7]  are  not  known.  As  a  first  approximation,  the  electron 
excitation  cross  section  can  be  considered  to  be  proportional  to  the 
optical  emission  cross  sections,  which  is  proportional  to  the  rotational 
line  strength.  Then  the  observed  visible  and  ultraviolet  emission  takes 
place  on  the  same  transitions  as  used  in  excitation. 

If  ( N ' )  denotes  the  line  strength  for  the  it*1  transition  into 
the  N'  level,  and  E'.'(N')  denotes  the  energy  of  the  level  from  which  this 

J 

transition  originates,  then  the  excitation  rate  into  a  particular 
rotational  sublevel  (N‘,J')  of  the  excited  state  is  given  by 

,  %  E'.'(N') 

R(N'.J')  =  Z'K  S.(N')exp  -  _J _ _ 

j  J  kT 

The  prime  on  the  summation  is  used  to  indicate  that  the  summation  is 
performed  not  over  all  the  ten  main  transitions  into  the  levels  with  a 
given  value  of  N',  but  only  those  transitions  into  the  particular  N',J' 
sublevel.  This  is  four  transitions  for  J'=N'+1  and  two  for  J^N1. 

This  excited  state  now  reradiates  into  the  ground  electronic  state. 
The  given  excited  state  can  radiate  on  any  one  of  a  number  of  transitions. 
The  fraction  of  the  power  radiated  on  the  ith  transition  is  given  by 


Since  rotational  redistribution  in  collisions  is  assumed  to  be 
negligible,  the  rate  of  radiation  from  an  N',  J’  level  is  equal  to  the 


w 


rate  of  excitation  into  the  level.  With  the  approximations  described 
above,  the  power  radiated  on  the  i^  transition  originating  from  the 
excited  rotational  level  N1  is 

S-j  (N1 )  ,  E"(N* ) 

l Am  =  K  — ! -  E  S . ( N '  )exp  "-J -  (10) 

E'S.(N')  j  J  kT 

j  J 

4.  COMPUTATIONS 

A  computer  program  was  written  to  calculate  the  transition 
frequencies  and  the  intensities  of  the  individual  transitions,  given  by 
either  equation  [  2 ]  or  [10].  It  performed  the  summation  (equation  (6)) 
over  the  transitions  weighted  by  the  transition  strength  and  the  slit 
response  function.  The  program  provided  a  plot  of  emission  intensity 
as  a  function  of  wavelength.  The  gas  temperature  and  the  spectroscopic 
constants  X'  and  y‘  for  which  accurate  values  were  not  available,  were 
adjustable  parameters.  The  slit  response  function  was  digitalized  and 
used  as  input  to  the  computer  program. 

5.  DEPENDENCE  OF  BANDSHAPE  ON  TEMPERATURE 

For  the  S2  transition  of  interest,  the  computed  dependence  of 
emission  on  wavelength  and  temperature  is  shown  in  Figure  17.  Two 
different  techniques  were  used  to  compare  the  computed  curves  with  the 
experimental  curves.  The  halfwidth  is  linearly  dependent  on  temperature. 

T  =  565  AXpWHM  -  123  (11) 


and 
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WAVELENGTH  (nm) 


FIGURE  17  Computed  dependence  of  emission  on  wavelength 
and  temperature  for  the  S2  B:v'=8  to  X:v"=0 
transition. 


40 


T  =  752  AX, 


-  145 


(12) 


FWHM 

where  the  halfwidth  is  in  nanometers  and  the  temperature  is  in  Kelvin. 
Equation  (ll)  applies  to  the  high  pressure  case  when  rotational  relaxa¬ 
tion  of  the  excited  state  occurs.  Equation  (12)  applies  to  the  low 
pressure  case  when  radiative  de-excitation  of  the  excited  state  occurs 
more  frequently  than  collisional  relaxation.  Thus,  the  halfwidth  of  the 
unresolved  rotational  structure  can  be  used  in  temperature  determinations 
for  tubes  containing  a  low  pressure  of  sulfur  gas,  as  well  as  those  with 
a  high  pressure.  This  implies  that  the  halfwidth  of  the  emission  can  be 
used  as  an  indication  of  relative  temperature  even  in  experimental 
situations  which  do  not  conform  to  the  requirements  of  the  two  extreme 
cases  considered  here. 

To  provide  greater  accuracy,  an  alternative  technique  was  developed 
to  compare  the  experimental  and  calculated  line  profiles.  It  was  found 
that  the  calculated  intensities  could  be  fitted  to  an  exponential  decay 
curve. 


'<V 


[  e  "V* 


for  wavelengths  Xw  greater  than  that  of  the  peak;  i.e.,  in  the  range 
286.5  nm  to  288.0  nm.  The  exponential  decay  parameter  is  linearly 
related  to  the  temperature  parameter  in  the  computations: 


T(K) 

=  403  A(nm)  -  11 

(13) 

T(K) 

=  573  A(nm)  +  20 

(14) 
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Equations  (13)  and  (14)  apply  to  the  high  and  low  pressure  cases  respec¬ 
tively. 

As  mentioned  earlier,  the  values  of  the  spin  rotation  coupling 
constant  y'  and  the  spin  spin  coupling  constant  A'  have  not  been  well 
determined  for  the  v'=8  vibrational  level  in  the  B  state  of  S2.  The 
results  presented  here  have  used  the  values  A'=-4.9  cm-1  and  y'=0.05  cm-1 
which  are  similar  to  the  values  for  other  even  numbered  levels  of  the  B 
state  [30].  By  varying  the  values  of  A'  and  y*  used  in  the  calculations, 
it  was  found  that  they  did  not  greatly  influence  the  halfwidth  of  the 
computed  bandshapes.  In  particular,  varying  the  parameter  A'  over  the 
range  -0.10  cm-1  to  0.15  cm"1  produced  a  negligible  difference  in  the 
computed  curves.  The  effect  of  varying  the  parameter  A'  in  the  range 
-15  cm"1  to  +10  cm-1  is  shown  in  Figure  18.  Only  for  A'  >5  cm-1 is  there 
a  significant  effect  on  the  rotational  bandwidth  of  the  transition. 

However,  the  fainter  head  to  the  low  wavelength  side  of  the  main  head, 
indicated  by  an  arrow  in  the  spectra  of  Figure  14,  is  not  predicted  when 
using  the  values  of  A'  which  can  make  a  significant  difference  to  the 
temperature  determination.  This  secondary  head  is  due  to  the  TD  and  Rn 

K31  *31 

bands  (Figure  16)  which  are  not  distinct  for  positive  values  of  A'  [42]. 
Comparison  of  Figure  18  with  the  observed  spectrum  (Figure  14)  indicates 
the  value  A'  =  -5  cm"1  adequately  describes  the  bandshape.  This  is  in 
agreement  with  the  value  observed  for  v'=0,2,  and  4  [30,41,42]. 

Thus  comparison  of  the  computed  bandshapes  with  the  spectrometer 
output  allows  a  determination  of  the  gas  temperature.  In  addition,  an 
approximate  value  for  the  spectroscopic  constant  A'  has  been  ascertained. 

6.  DISCUSSION  OF  IN  SITU  TEMPERATURE  MEASUREMENT 

The  accuracy  of  the  measured  temperature  values  is  limited  in  the 
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present  case  because  only  spatially  integrated  spectra  have  been  observed. 

The  radiation  emitted  by  the  hot  gas  in  the  center  of  the  discharge  tube 
will  be  absorbed  by  colder  gas  near  the  tube  walls.  Since  the  cooler  gas 
will  predominately  absorb  radiation  originating  from  states  with  low 
values  of  N',  this  will  depress  the  peak  of  the  emission  curve  resulting  in 
a  wider  halfwidth  and  an  inflated  temperature  measurement.  Radially  resolved 
measurements  would  give  more  accurate  temperature  values  and  also  an  estimate 
of  S2  density  as  a  function  of  radius.  These  measurements  have  not  been 
performed  to  the  present  time. 

The  S2  (B:v'=8)  state  is  perturbed  by  a  neighboring  state,  as  men¬ 
tioned  in  a  previous  section.  This  results  in  shifts  of  the  rotational 
energy  levels  for  particular  values  of  the  rotational  quantum  number  [43], 
and  deviation  of  the  line  strengths  from  the  predicted  values  (Figure  16). 
Since  the  computed  bandshape  is  a  weighted  average  over  many  values  of  N‘, 
the  shift  of  a  few  levels  is  not  expected  to  make  a  significant  difference. 
The  distortion  of  the  assumed  Boltzmann  distribution  of  rotational  levels, 
due  to  predissociation  of  molecules  with  J>60,  will  not  be  significant  at 
the  lower  rotational  levels  from  which  emission  influences  the  halfwidth 
of  the  curve  in  the  temperature  range  of  interest. 

7.  PROCEDURE  FOR  DETERMINING  THE  VIBRATIONAL  POPULATION  DISTRIBUTION 
OF  ELECTRONICALLY  EXCITED  S2 

The  spectra  of  S2  in  the  range  280  -  370  nm  is  presented  in  Figure 
19  which  compares  the  emission  from  a  pulsed  only  discharge  to  the 
emission  from  a  pulsed  plus  continuous  microwave  discharge.  Apart  from 
the  first  few  peaks,  each  peak  is  composed  of  several  superimposed 
transitions  and  interpretation  becomes  more  difficult.  However,  it  can 
be  seen  that  the  maximum  of  the  spectral  emission  envelopes  is  shifted 
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(1)  pulsed  only  excitation  of  the  plasma 
tube,  and 

(2)  pulsed  plus  540  watts  continuous  excita¬ 
tion 


r 


approximately  10  nm  to  the  red  when  the  continuous  microwave  excitation 
is  added  to  the  pulsed  excitation.  This  indicates  a  redistribution  of 
the  vibrational  population  of  the  electronically  excited  state.  The 
emission  with  pulsed  excitation  favors  more  highly  excited  vibrational 
levels  than  that  with  pulsed  plus  continuous  excitation.  A  procedure 
has  been  devised  for  extracting  the  relative  populations  of  the  vibra¬ 
tional  levels  from  the  spectral  distribution  of  the  radiation. 

The  computer  program  MERCHA  [35]  used  for  data  analysis  integrates 
the  spectrometer  output  over  various  10  nm  wavelength  intervals  and 
corrects  for  the  sensitivity  of  the  spectrometer  and  photomultiplier.  In 
each  wavelength  interval,  several  overalpping  transitions  make  a  contri¬ 
bution.  For  example,  in  the  295  nm  to  305  nm  wavelength  range,  the 
transitions  listed  in  Table  1  make  a  contribution.  The  emission  intensity 
on  the  v'-*-v"  transition  is  given  by 

I(vV')  =  KN(v')  vv.;,  [Re(rvV,)]*  q^,  (15) 

where  qviv„  is  the  Franck  Condon  (FC)  factor,  Rg  the  electronic  transition 
dipole  moment,  N(v')  the  population  of  the  excited  vibrational  state, 
and  vv,v„  the  frequency  of  the  transition.  For  diatomic  sulfur,  Rg  is 
independent  of  v(  and  v"  [32].  Then  we  can  define  an  average  signal  for 
each  wavelength  interval, 

S(AA)  =  Z  Kv'.v")  (16) 

v*  v" 


The  sum  is  over  all  quantum  numbers  for  which  the  emission  is  in  the 
selected  wavelength  range.  Then  this  signal  is  proportional  to  the 


level  populations  and  the  Franck  Condon  factors.  For  example,  in  the 
295  to  305  nm  range, 

S( 295-305)  =  K [80N ( 7 )  +  15N(5)  +  4N(8)  +  77N(6)  +  9N(4) 

+  58N(9)  +  4 1N( 7 )  +  48N(5)  +  4N(3)  +  38N(8) ]/( 300  nm)4 

Here  we  take  N(v‘)  to  be  a  normalized  population;  i.e., 

I  N(v')  =  1  (17) 

v‘ 

and  incorporate  all  constant  factors  into  K.  In  general,  for  the  jth 
wavelength  interval, 

9 

S-  =  K  E  Q.  .N(v')  j  =  1  to  24  (18) 

J  v'=0  JV 


where  Q.  ,  is  the  sum  of  all  the  FC  factors  from  the  v‘  level  that  can 
J  ^ 

contribute  in  the  jth  wavelength  interval,  divided  by  the  wavelength  to 
the  fourth  power.  In  some  cases  more  than  one  transition  from  a  particu¬ 
lar  v‘  level  can  contribute  to  the  wavelength  interval.  In  the  above 

equation,  S.  can  be  calculated  from  the  computer  integrated  spectra  and 
J 

Q j v ,  from  the  published  FC  factors.  Only  the  constant  K  and  the  normalized 
vibrational  population  N(v')  are  unknown.  This  equation  can  be  inverted 
to  tell  us  the  vibrational  population  distribution. 

There  are  24  wavelength  intervals  and  only  10  unknowns  in  the 
equation.  The  most  straightforward  inversion  procedure  involves  minimizing 
the  function 

24  9  2 

a2  =  E  (S.  -  K  E  Q.  ,N(v' ) )  (19) 

j=l  J  v' =0  JV 
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by  the  correct  choice  of  K  and  the  N(v').  However  one  wavelength  interval 
is  determined  totally  by  the  population  of  the  v'=9  level.  No 
transition  except  the  v'=9  to  v"=0  makes  a  contribution  to  the  275  to 
285  nm  wavelength  interval.  From  equation  (18), 

K  N(9)  =  S x/  Qij9  (20) 


Equation  (18)  can  then  be  rewritten  as 


sj 


'sj  - 


Qj  tg  8 

n  ’  S,=K  I  Q,W,N(V*)  j 


n,9 


v'  =0 


\JV‘ 


2  to  24 


Then  the  equation  to  be  minimized  becomes 
24  ,  8 

a2  =  £  (S.  -  K  2  IQ.  ,N(v* )]}2  (21) 

j=2  J  v'=0  JV 

Diffe. entiating  this  equation  by  N(v')  for  v'=0  to  8  and  interchanging 
the  order  of  summation  leads  to  the  result 


N(i-l)  = 


i  1  E,jcj 
j=l 


i  =  1  to  9 


(22) 


or 


N  '  =  |b  C 


(23) 


where 


24 

jf2  Qjk  Qji 


(24) 


is  a  9  x  9  matrix,  and  C  is  a  9  x  1  matrix  defined  by 

24 

CK  =  j=E2  QjkSj  • 


(25) 
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N'  is  a  9  x  1  matrix  whose  elements  are  equal  to  the  first  nine  values 
of  N(v').  The  value  of  K  ran  be  found  by  normalization 

9  Si  9  9 

K  =  K  Z  N(v')  = - +  T,  C.  Z  B.  .  .  (26) 

V*0  Q1J0  j=l  J  i  =  l 

A  program  in  BASIC  was  written  for  the  Hewlett  Packard  9835  calculator 
to  calculate  the  matrix  B~‘  from  the  known  FC  factors.  This  procedure 
and  the  matrix  inversion  must  be  done  only  once.  For  particular  experi¬ 
mental  conditions,  the  column  matrix  C  is  calculated  from  the  published 
FC  factors  and  from  the  integrated  signals  S^.  for  each  wavelength  interval. 
The  computation  of  the  N(v')  is  then  straightforward,  using  equations 
126],  [201,  and  [22]  or  [23]. 

One  additional  refinement  on  this  technique  was  concerned  with  the 
construction  of  the  10  x  24  matrix  Q.  The  computer  program  MERCHA  integrates 
the  spectrum  over  10  nm  intervals.  Some  vibrational  transitions  are 
located  near  the  boundaries  between  the  different  intervals  and  because 
of  the  width  of  the  vibrational  transition,  as  given  for  example  in 
Figure  17  ,  could  contribute  to  two  different  integrals.  Therefore 
the  Franck  Condon  factor  for  these  transitions  was  broken  into  two  parts 
and  made  a  contribution  to  two  elements  of  the  Q  matrix.  The  bandshape 
of  Figure  17  and  the  band  origins  computed  by  Schlie  [44]  were  used  to 
estimate  the  division  of  the  particular  Franck-Condon  factors.  This 
neglects  the  temperature  dependence  of  the  bandshape  and  the  variation  of 
the  rotational  constants  with  vibrational  states.  Since  the  correction 
terms  to  the  elements  of  the  Q  matrix  were  small,  their  dependence  on 
temperature  and  vibrational  state  was  not  significant.  The  corrected 
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Q  matrix  is  given  in  Table  3. 

This  process  of  reconstructing  the  vibrational  population  distribu¬ 
tion  from  the  spectral  distribution  of  emission  was  tested  in  the  following 
manner.  If  one  assumes  that  all  the  electronically  excited  population  is 
in  one  vibrational  level,  then  the  emission  in  each  wavelength  region  is 
given  by  the  appropriate  column  of  the  Q  matrix.  When  these  numbers  were 
used  as  input  to  the  vibrational  analysis  program,  the  computed  population 
distribution  was  close  to  unity  in  the  selected  vibrational  state  and  less 
than  10“ 3  in  all  other  states. 

As  about  half  of  the  elements  of  the  B  matrix  are  negative,  the 
calculation  given  in  equation  (22)  involves  the  addition  and  subtraction  of 
many  terms,  some  of  which  may  be  nearly  equal.  Thus,  minor  inaccuracies 
may  lead  to  significant  discrepancies  in  the  values  for  N(v').  Such  minor 
inaccuracies  are  inherent  in  the  measured  Franck  Condon  factors  and  in 
the  measured  values  for  the  spectrometer-photomultiplier  calibration  factor. 
Examples  of  the  vibrational  distribution  computed  by  the  technique  described 
above  are  given  in  Figure  20.  The  dips  observed  in  both  curves  for  v‘=5 
and  possibly  that  for  v'=2  are  considered  to  be  not  real  but  an  artifact 
of  the  computing  process  due  to  the  sources  of  inaccuracy  mentioned  above. 
Nevertheless,  the  computed  N(v')  are  useful  to  show  general  trends  when 
values  which  are  obviously  inaccurate  are  neglected. 
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TABLE  3 


The  Q  matrix  used  for  determining  vibrational 
population  distribution. 
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SECTION  V 


CHARACTERISTICS  OF  MICROWAVE  DISCHARGES  AND 
THE  RESULTANT  OPTICAL  EMISSION 


1.  MERCURY 

When  mercury  discharge  tubes  were  used  with  the  sandwich  applicator, 
the  resulting  plasma  was  spatially  modulated  with  the  spacing  of  the 
interdigital  line.  Hence  most  of  the  work  with  mercury  discharge  tubes 
was  performed  with  the  Fusion  Systems  twin  antenna  irradiator,  in  which 
a  longitudinally  uniform  plasma  could  be  obtained. 

The  twin  antenna  irradiator  has  two  modes  of  operation  with  mercury 
tubes.  Although  there  is  an  empty  cavity  mode,  probably  the  half 
cylinder  TEm  mode,  that  is  important  for  initial  breakdown  of  the  gas 
in  the  plasma  tube,  both  operational  modes  appear  to  be  coaxial  with  the 
mercury  plasma  in  the  discharge  tube  forming  the  center  conductor 
element  of  the  coax.  The  mode  in  which  the  cw  discharge  is  normally 
operated  is  a  very  lossy  TEM  coaxial  mode  where  the  power  input  from 
each  antenna  is  absorbed  along  the  discharge  tube  in  an  e-folding  length 
of  about  half  the  cavity  length.  In  the  other  mode  of  operation, 
normally  at  lower  power  and  pressure  than  the  lossy  coaxial  mode,  a 
coaxial  cavity  is  formed  with  the  mercury  plasma  as  a  much  less  lossy, 
effective  center  conductor  providing  the  usual  standing  wave  coaxial 
mode  with,  in  this  case,  three  antinodes,  representing  a  cavity  of  three 
half  wave  lengths  in  length. 

Sample  spectra  were  recorded  for  a  number  of  conditions  to  have 
available  for  comparison  studies  and  to  compare  with  the  efficiencies 
reported  for  the  twin  antenna  irradiator.  In  the  lossy  coaxial  mode 


with  input  powers  up  to  1200  watts  the  coupling  is  about  90%  efficient. 
The  spectra  showed  increasing  band  intensities  in  the  220  to  235  nm 
and  254  to  270  nm  bands  with  increasing  power  and  spectral  efficiencies 
similar  to  those  reported  by  Fusion  Systems  (2).  Comparing  these  to 
standard  direct  electric  mercury  arc  lamps,  the  temperatures,  at  the 
center,  are  about  7500°  K;  the  electric  fields  are  about  60  volts  per 
centimeter;  and  the  electron  densities  are  about  1015/cc  (5). 

In  the  conductive  coaxial  mode  the  spectral  efficiency  is  about 
50%  or  higher,  although  the  microwave  power  coupling  is  reduced  to  the 
order  to  50  to  75%.  This  mode  requires  considerably  more  tube  cooling 
to  operate.  Much  of  the  radiant  output  is  on  the  253.7  nm  line  of 
mercury. 

Several  tests  were  made  under  various  conditions.  The  cw  sustainer 
discharge  was  operated  in  the  conductive  coaxial  mode  at  low  powers  at  a 
temperature  near  room  temperature.  Then  the  cw  discharge  was  operated 
in  the  lossy  coaxial  mode  at  low  powers  and  exit  cooling  air  temperatures 
around  150°  C.  Finally  the  cw  sustainer  was  operated  at  higher  powers 
in  the  lossy  coaxial  mode  with  exit  cooling  air  temperatures  of  about 
210°  C.  For  all  these  conditions,  the  peak  pulsed  microwave  power  was 
3000  +  200  watts  with  pulse  lengths  of  1,  2,  and  4  usee. 

The  relative  spectral  intensity  in  the  pulse  for  the  220  to  350  nm 
region  is  plotted  as  a  function  of  microwave  sustainer  power  in  Figure 
21.  For  the  upper  plot,  the  discharge  was  in  the  conductive  coaxial 
mode,  while  for  the  lower  plot  the  discharge  was  in  the  lossy  coaxial 
mode.  For  both  modes  the  microwave  pulse  length  was  4  usee.  In  the 
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conductive  coaxial  mode  the  relative  intensity  initially  increased,  but 
then  started  to  decrease  as  the  sustainer  power  was  increased,  while 
for  the  lossy  coaxial  mode  the  intensity  decreased  continually  as  the 
sustainer  power  increased. 

It  is  possible  that  the  decrease  in  the  intensity  of  the  pulse 
output  is  due  to  resonance  trapping  in  mercury.  An  examination  of  the 
ultraviolet  pulse  signal  on  an  oscilloscope  confirmed  that  for  a  micro- 
wave  power  pulse  length  of  4  psec,  the  resulting  ultraviolet  pulse  from 
the  discharge  had  a  half  width  of  about  8  psecs,  with  a  very  long  tail 
on  the  pulse.  This  indicates  that,  although  the  ultraviolet  output  may 
in  fact  be  increasing  as  the  sustainer  power  increases,  the  radiation 
from  the  discharge  was  not  being  emitted  during  the  sample  time  but 
rather  was  being  emitted  over  a  relatively  long  period  of  time. 

This  indicates  that  a  mercury  plasma  may  not  be  suitable  for 
generating  high  power  ultraviolet  pulses.  An  investigation  was  made 
of  mercury  discharoe  tubes  with  added  doping  compounds  Snl2  and  Mnl2 
which  are  known  to  improve  the  spectral  response  of  mercury  arc 
lamps.  Figure  22  is  a  plot  of  relative  intensity  as  a  function  of 
sustainer  power  for  a  4  mm  i.d.  doped  tube.  The  upper  curve  is  the 
total  light  output  from  200  to  600  nm  while  the  lower  plot  is  the  output 
from  250  to  350  nm.  This  indicates  that  approximately  35%  of  the  total 
output  falls  within  the  region  of  interest.  However,  neither  the 
droplet  of  mercury  or  the  dopant  in  the  tube  were  completely  vaporized 
even  in  the  1200  watt  sustainer  test. 
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FIGURE- 22  The  Relative  Light  Intensity  Output  As 
A  Function  Of  Sustainer  Power  For  The 
Twin  Antenna  Irradiator 


During  the  testing  of  the  tube,  the  discharge  appears  constricted,  so 
that  there  is  a  boundary  layer  of  cooler  gas  around  the  discharge.  This 
layer  may  act  as  an  absorbing  boundary  and  add  to  the  problem  of  radiation 
trapping.  The  applied  microwave  power  for  these  tests  and  those  described 
following  was  about  3900  +  200  W,  while  the  pulsed  microwave  power  transmitted 
through  the  irradiator  was  about  100  W,  and  the  pulsed  microwave  power  reflec¬ 
ted  back  from  the  irradiator  was  about  200  W.  For  these  tests  then,  about 
3600  +  200  W  of  pulsed  microwave  power  was  absorbed  by  the  discharge.  The 
pulsed  microwave  power  was  operated  at  100  Hz  with  a  pulse  length  of  4  psec. 

Measurement  of  the  pulsed  microwave  power  was  accomplished  by  calibra¬ 
ting  the  output  of  the  Hewlett  Packard  Model  420A  crystal  detectors  on  a 
Tektronix  Type  556  dual  beam  oscilloscope  with  Tektronix  Type  1A7A  plug-ins. 
Exposures  of  the  oscilloscope  trace  of  the  pulsed  power  is  shown  in  Figure 
23.  The  pulsed  microwave  power  supply  was  operated  at  100  Hz  with  a  4  ysec 
pulse  length,  and  the  sustainer  power  was  1200  W.  The  scope  was  operated  in 
the  single  sweep  mode  with  2  ysec/vertical  division  and  at  20  mv/horizontal 
division  for  traces  A  and  B,  and  10  mv/horizontal  division  for  trace  C. 

Figure  23A  is  the  oscilloscope  trace  of  the  applied  pulsed  microwave  power. 
Figure  23B  is  the  reflected  power,  and  Figure  23C  is  the  transmitted  power. 

Two  4  mm  i.d.  tubes  with  a  light  fill  and  extra  light  fills  of  mercury 
doped  with  Snl2  and  Mnl2  and  a  back  fill  of  argon  were  obtained  from  Fusion 
Systems  Corporation  and  tested  with  the  twin  antenna  irradiator.  The  extra 
light  fill  tubes  would  have  a  mercury  pressure  of  100  Torr  when  the  mercury 
was  completely  vaporized.  The  tubes  with  light  and  heavy  fill;  provided 
pressures  of  1  and  15  at  atmospheres  respectively.  Typical  raw 
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I  1  CURT  17>  Exposures  of'  Osci  11  oscope  Traces  of 

Signal  from  Crystal  Detector  of  Pulsed 
Microwave  power. 


spectra  from  the  extra  light  filled  tube  are  shown  in  Figure  24  . 

Fiqure  24A  is  the  cw  plus  pulse  output  from  the  boxcar  amplifier, 
and  Fiqure  24B  is  the  cw  output  from  the  amplifier. 

Figure  2  5  shows,  the  results  of  the  pulsed  tests  for  the  three 

different  fills  for  the  discharge  tubes.  Figure  25A  is  a  plot  of  the 
total  pulsed  light  output  as  a  function  of  sustainer  power  and  Figure 
25B  is  a  plot  of  the  pulsed  light  output  in  the  region  of  250  to  350 

nm  as  a  function  of  sustainer  power.  While  the  percent  of  radiation  in 

the  250  to  350  nm  region  is  about  the  same  for  all  three  fills,  the 
amount  of  pulsed  radiation  from  the  discharge  in  the  0.5  ysec  sample 
time  is  increasing  significantly.  However,  the  pulsed  light  output  is 
still  below  the  cw  output  from  the  sustainer. 

An  examination  of  the  cw  and  the  cw  plus  pulsed  outputs  for  the 
313  nm  and  365  nm  Hg  peaks  was  made.  This  is  shown  in  Figures  26,  27 
and  28-  In  each  the  upper  spectrum  is  from  the  boxcar  amplifier  (cw  + 
pulsed  output)  and  the  lower  spectrum  is  from  the  amplifier  (cw  output). 

In  Figure  26  the  365  nm  Hg  line  shows  more  self  absorbtion  for  the 
pulsed  plus  cw  (upper)  spectrum  than  for  the  cw  (lower)  spectrum.  For 
Figure  27  the  pulsed  microwave  power  was  turned  off,  and  the  shape  of  the 
365  line  is  the  same  for  both  spectral  plots,  thus,  the  absorption  seen  in 
the  Figure  26  pulse  +  cw  spectrum  is  a  result  of  trapped  pulse  radiation 
and  not  a  function  of  the  amplifier  response.  The  self  absorption  of  the  312.5 
and  313.1  nm  lines  is  shown  in  Figure  28.  Again  the  self  absorption  is 
greater  for  the  pulse  plus  cw  (upper)  spectrum  than  for  the  cw  (lower) 
spectrum. 

The  self  absorption  that  is  shown  by  the  mercury  lines  accounts 
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FIGURE  25  Relative  Light  Output  as 
for  Three  Different  Gas 

a  Function  of  Microwave  Power 
Fills. 

for  the  fact  that  the  pulsed  light  output  of  the  discharge  tube  measured 
for  a  0.5  ysec  sample  time  is  not  escaping  the  tube,  but  rather  is 
trapped  and  emitted  over  a  relatively  long  period  of  time.  Some  of  the 
trapped  radiation  will  be  lost  to  relaxation  and  not  emitted  at  all. 

2.  MERCURY  BROMIDE 

One  of  the  available  mercury  bromide  tubes  contained  200  torr  of 
helium  and  sufficient  HgBr  to  produce  a  pressure  of  3.6  torr  upon 
complete  vaporization  at  160° C.  It  was  found  that  high  continuous 
microwave  power  input  completely  dissociated  the  molecules  and  the 
spectrum  observed  was  that  of  atomic  mercury. 

A  molecular  spectrum  obtained  in  the  twin  antenna  irradiator  with 
high  pulsed  power  but  minimum  cw  power  was  identical  to  that  of  Schimit- 
schek  and  Celto  [8],  However,  under  these  conditions  all  the  cw  power 
was  absorbed  at  the  ends  of  the  tube  resulting  in  a  nonuniform  discharge. 
The  discharge  was  "slug"  like,  clinging  to  the  tube  walls,  and  not  filling 
the  tube.  A  discharge  in  pure  mercury  under  the  same  conditions  would 
completely  fill  the  discharge  tube. 

HgBr  lasers  pumped  by  electrical  discharge  show  a  marked  increase 
in  efficiency  and  output  power  when  nitrogen  is  added  ot  the  gas  mixture 
[9,10].  Consequently  a  discharge  tube  was  made  up  which  contained  10 
torr  of  nitrogen,  10  torr  of  helium,  and  some  mercuric  bromide  powder. 

This  sealed  tube  was  placed  inside  an  open-ended  heating  tube  and 
installed  in  the  sandwich  applicator.  A  variac  controlled  heat  gun  was 
connected  to  the  heating  tube  and  was  used  to  control  the  vapor  pressure 
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of  HgBr2.  A  thermocouple  placed  on  the  downstream  end  of  the  heating  tube 
was  used  to  estimate  the  temperature  of  the  discharge  tube. 

The  first  results  were  obtained  using  a  circular  heating  tube  of  25 
mm  diameter.  This  tube  limited  the  spacing  of  the  two  interdigital  lines  in 
the  sandwich  applicator.  When  no  external  heat  source  was  used,  a  discharge 
could  be  sustained  by  one  microsecond  pulses  of  microwave  power  at  a  repe¬ 
tition  rate  of  1.4  kHz.  However,  as  external  heat  was  applied  to  vaporize 
the  HgBr2,  the  discharge  could  not  be  sustained  by  pulsed  only  microwaves. 

It  was  necessary  to  use  some  cw  microwave  power  to  maintain  the  plasma.  In 
this  case  the  discharge  was  localized,  filling  only  part  of  the  tube  cross- 
section. 

Emission  due  to  nitrogen,  atomic  mercury,  and  HgBr  was  observed.  In 
the  HgBr  B->-X  band  at  500  nm,  a  cw  photomultiplier  current  of  0.5  yA  and  a 
pulsed  current  of  80  pA  was  produced  by  the  light  emission  due  to  cm  micro- 
wave  power  of  300  watts  and  pulsed  microwaves  of  3960  watts  respectively. 

The  instantaneous  pulsed  microwave  output  is  larger  than  the  cw  output  by 
a  factor  of  thirteen  but  the  resulting  fluorescence  is  increased  by  a  factor 
of  160.  These  results  imply  the  probability  of  formation  of  the  HgBr  (B) 
state  increases  with  increasing  electric  field. 

The  circular  heating  tube  was  replaced  by  a  rectangular  heating 
tube  of  outside  dimensions  13  x  26  mm.  The  smaller  height  of  the 
rectangular  tube  allowed  the  two  interdigital  lines  of  the  sandwich 
applicator  to  be  placed  considerably  closer  together  which  raised  the 
microwave  intensity  in  the  plasma  tube.  With  this  configuration,  it  was 
possible  to  sustain  a  discharge  with  pulsed  microwaves  only  with  a 
substantial  vapor  pressure  of  HgBr2  in  the  tube.  The  discharge  appeared 
to  fill  the  tube  cross  section.  The  pulsed  emission  on  the  HgBr  B->  X 
transition  was  larger  by  a  factor  of  eight  than  when  using  the  circular 
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heating  tube.  For  the  pulsed  only  excitation  of  HgBr2  with  the  narrow 
interapplicator  spacing  the  crude  calibration  scheme  described  elsewhere 
in  this  report  is  used  to  estimate  that  this  peak  photomultiplier  current 
coresponds  to  an  emission  of  0.03  W  cm-3  nm"1  from  the  discharge  tube. 

An  approximate  integration  of  the  photomultiplier  response  over  the 
volume  of  the  discharge  and  over  the  spectral  region  450  nm  to  520  nm 
indicates  a  total  emission  of  6  watts.  A  total  of  3  x  1012  molecules 
cm-3  emit  visible  radiation  during  the  1  ps  pulse.  As  the  molecular 
density  was  1016  cm-3  under  the  conditions  of  this  experiment,  only  a 
fraction  3  x  10~4  of  the  molecules  contributed  to  the  emission. 

3.  XENON  CHLORIDE 

Discharge  tubes  were  filled  containing  4%  HC1 ,  48%  Xe,  and  48%  Ne 
at  a  total  pressure  of  4.9  torr,  and  8%  HC1,  46%  Xe  and  46%  Ne  at  a  total 
pressure  of  4.0  torr.  Emission  was  observed  from  a  variety  of  xenon 
lines,  from  the  XeCl  D-X  transition  at  236  nm  and  from  the  XeCl  B-X 
transition  at  308  nm  [41,  45].  The  B-X  emission  is  approximately  an 
order  of  magnitude  more  intense  than  that  on  the  D-X  transition.  All 
the  XeCl  emission  decayed  rapidly  with  time,  falling  to  1/e  of  its 
original  intensity  after  10  to  15  minutes  in  the  continuously  pulsing 
microwave  applicator.  Before  filling  with  the  second  gas  mix  mentioned 
above,  the  discharge  tube  was  extensively  baked  under  vacuum.  The  baking 
temperature  was  however  limited  by  the  teflon  valve  on  the  discharge 
tube.  As  a  result  of  this,  the  decay  of  the  XeCl  emission  with  the  second 
gas  fill  appeared  slower  than  that  with  the  first  gas  fill.  Moreover  the 
rate  of  decay  seemed  to  decrease  with  time  with  the  second  gas  fill.  With 
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both  gas  fills  the  rate  of  decay  with  the  microwave  discharge  turned  off 
and  then  reactivated  was  much  slower  than  with  the  microwaves  on  continu¬ 
ously. 

Figure  29  illustrates  the  behavior  of  the  pulsed  component  of 
the  light  emission  at  308  nm  for  pulsed  only  microwaves  exciting  the 
gas,  as  cw  microwave  excitation  is  added,  and  as  the  cw  microwaves  are 
turned  off,  leaving  only  the  pulsed  excitation.  Here  one  channel  of  the 
chart  recorder  plots  the  time  averaged  signal  from  the  photomultiplier, 
while  the  other  channel  plots  the  output  of  a  boxcar  integrator  which 
is  gated  on  during  the  microwave  pulse.  The  the  boxcar  integrator  records 
the  instantaneous  sum  of  the  pulsed  and  continuous  components  of  the 
visible  emission.  It  is  seen  in  this  figure  that  the  average  light 
emission  is  high  when  the  cw  microwaves  are  turned  on,  but  decays  in  a 
few  seconds  to  one  third  of  its  original  value.  When  the  cw  microwaves 
are  turned  off,  the  pulsed  emission  reaches  its  highest  value,  but 
decays  in  a  few  seconds  to  its  steady  state  value.  When  the  cw  micro- 
waves  are  on,  the  pulsed  component  of  the  light  signal  is  smaller  than 
in  the  absence  of  cw  microwaves.  There  is  some  mechanism  associated 
with  the  continuous  microwaves  which  appears  to  quench  the  pulsed  light 
emission. 

The  temporal  behavior  of  the  XeCl  B-X  emission  excited  by  pulsed 
microwaves  appeared  to  be  identical  to  the  exciting  microwave  pulse. 

4.  THALLIUM  MERCURY  DISCHARGES 

An  examination  was  made  of  the  spectrum  of  the  plasma  from  a  tube 
containing  mercury  and  thallium  iodide.  For  this  tube  a  temperature  of 
385°  C  would  be  required  to  completely  vaporize  the  mercury,  providing  a 
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FIGURE  29  Time  development  of  the  [A]  CW  and  [B] 
CW  plus  pulsed  emission  from  XeCl  at 
308  nm  as  the  CW  microwaves  are  turned 
on  and  off  again. 


pressure  of  1333  torr  or  1.75  atmospheres.  At  this  temperature  the 
vapor  pressure  of  Til  is  of  the  order  of  one  torr.  It  was  found  that 
the  tube  could  be  operated  in  one  of  two  modes,  similar  to  that  of 
mercury  filled  tubes.  The  'cold'  mode,  in  which  the  discharge  fills  the 
entire  cross  section  of  the  tube  was  obtained  under  conditions  of  low 
power  loading  and  low  setting  of  the  external  heating.  The  continuous 
microwave  power  absorbed  was  typically  40  watts,  and  the  temperature  of 
the  gas  that  had  flowed  by  the  tube  was  50°  C.  Higher  power  loading 
conditions  resulted  in  a  constricted  wall  stabilized  discharge.  The  cw 
power  in  this  case  was  typically  240  watts,  the  external  heater  was  run 
at  four  times  the  power  as  that  required  for  the  cold  mode,  and  the 
flowing  air  temperature  was  160°  C.  To  this  time,  this  tube  has  not  been 
operated  with  higher  power  loading.  The  power  loading  used  has  been 
insufficient  to  cause  the  plasma  to  form  along  the  entire  length  of  the 
tube,  resulting  in  condensation  of  the  vapours  in  the  coolest  spot  on 
the  tube  walls. 

The  spectrum  of  the  radiation  emitted  from  the  'cold'  plasma  was 
due  to  mercury.  It  seems  likely  that  under  the  condition  in  which  the 
cold  mode  of  operation  was  obtained,  the  vapour  pressure  of  thallium 
iodide  was  negligible.  In  the  wall  stabilized  discharge,  spectral  lines 
of  thallium  metal  were  seen  in  addition  to  the  mercury  atomic  lines. 
However,  no  excimer  or  molecular  emission  was  seen. 

Over  a  limited  range  of  external  heating,  a  plasma  could  be 
obtained  in  this  tube  using  the  pulsed  microwave  sources  only.  Weak 
molecular  emission  could  be  seen  in  the  range  444  nm  to  452  nm,  which  is 
within  an  emission  band  of  HgTl  [17].  With  this  tube,  raising  the  gas 
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density  extinguished  the  discharge.  The  molecular  structure  at  445  nm 
was  observed  also  in  a  discharge  tube  which  contained  mercury  only.  For 
this  comparison  tubes  with  approximately  the  same  mercury  fill  were  used 
with  approximately  the  same  power  loading.  The  species  responsible  for 
the  emission  has  not  been  identified. 

Note  that  the  tube  temperatures  used  in  these  experiments  are  much 
less  than  those  used  in  the  literature  for  mercury  thallium  excimer  lasers. 

5.  THALLIUM  XENON  DISCHARGES 

To  evaluate  the  potential  for  microwave  pumping  m  the  thallium 
xenon  system,  a  discharge  tube  was  constructed  containing  1.8  mg  of 
thallium  iodide  and  20  torr  of  xenon.  Intense  emission  was  observed  from 
atomic  iodine  and  from  the  xenon  iodide  excimer,  as  shown  in  Figure  30. 

The  iodine  line  at  178.29  nm  is  not  observed  due  to  cutoff  of  the  photo¬ 
multiplier  response.  The  relative  intensity  of  the  Xel  B-X  and  B-A 
emission  and  the  shape  of  the  envelope  of  the  B-A  emission  depended 
upon  the  excitation  conditions,  in  particular  on  the  discharge  tube 
temperature.  Emission  from  atomic  thallium  was  observed  at  the  maximum 
temperatures  used  in  these  experiments.  The  dependence  of  emission  from 
the  various  species  on  tube  temperature  is  illustrated  in  Figure  31. 

This  data  was  quantitatively  nonreproducable  and  appeared  to  depend  on 
the  immediate  past  history  of  the  discharge  tube.  It  appears  likely  that 
the  back  reaction  of  thallium  with  iodine  is  relatively  slow  under  the 
conditions  of  our  experiments.  In  the  experiments  described  in  [22] 
which  employed  much  higher  temperatures ,  no  emission  from  atomic  iodine  or 
from  Xel  was  observed. 
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FIGURE  31  Temperature  dependence  of  emission  from  various 
atomic  and  molecular  species  in  a  xenon  thallium 
iodide  discharge  tube. 
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In  these  experiments,  no  emission  from  the  thallium  xenon  excimer 
was  observed.  Thallium  in  the  72S^2  excited  state  can  radiate  at  535 
nm  to  the  62P 3y2  state  at  a  rate  of  6.25  x  107  sec-1  or  radiate  at 
377.6  nm  to  the  62PJy2  ground  state  at  a  rate  of  7.05  x  107  sec-1  [22]. 
Alternately,  the  excited  thallium  can  form  the  thallium  xenon  excimer  in 
the  B  state  in  a  three  body  collision  with  xenon  atoms  at  a  rate  of  5  x 
10"31cm6  sec-1  [22].  For  the  excimer  formation  to  dominate  over  radiative 
loss  of  the  excitation  requires  a  xenon  density  greater  than  1.6  x  1019 
cm"3.  This  corresponds  to  a  pressure  of  400  torr  at  room  temperature. 
Similarly  a  xenon  density  greater  than  6.6  x  1018  cm"3  (200  torr  at 
room  temperature)  is  required  for  formation  of  the  excimer  in  the  C  state. 
Thus  the  excimer  emission  will  not  be  observed  with  the  existing  dis¬ 
charge  tube. 

6.  SULFUR 

Discharges  in  sulfur  in  the  twin  antenna  applicator  were  nonuniform 
along  the  length  of  the  plasma  tube.  The  visible  and  ultraviolet  emission 
occurs  predominately  at  the  position  in  which  the  microwaves  were  injected 
and  decreases  down  the  tube.  This  is  illustrated  in  Figure  32  for  a 
specific  case.  The  spatial  decay  of  the  emission  is  related  to  the  spatial 
decay  of  the  microwave  intensity  and  is  found  to  depend  on  the  wavelength 
being  monitored.  This  indicates  that  the  vibrational  population  distri¬ 
bution  is  influenced  by  the  microwave  intensity. 

It  was  found  that  more  uniform  discharges  in  sulfur  tubes  could  be 
obtained  when  using  the  sandwich  applicator.  The  pressure  of  sulfur  in 
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FIGURE  32  Dependence  of  emission  intensity  of  295.8  nm  on  the  position  on  the 
applicator  monitored  by  the  spectrometer  and  photomultiplier.  The 
shaded  portion  of  the  abscissa  indicates  the  position  at  which  micro- 
waves  were  injected  into  the  applicator. 
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the  gas  phase  was  determined  largely  by  the  power  input  to  the  discharge. 

Characteristics  of  the  emission  under  these  excitation  conditions 
are  shown  in  Figure  33.  Curve  A  of  this  figure  clearly  indicates 
that  emission  efficiency  and  intensity  decreases  with  increasing  power 
into  the  discharge.  Clearly  as  power  input  increases,  the  electrical 
power  is  deposited  into  something  other  than  electronically  excited  S2. 
However  no  spectral  lines  were  observed  which  could  be  attributed  to 
anything  other  than  S2. 

Curves  B,  C,  and  D  of  Figure  33  indicate  a  change  in  the 
vibrational  distribution  of  electronically  excited  sulfur  as  power 
loading  is  increased.  Curve  B  is  the  ratio  of  the  emission  on  the  v'=8 
to  v"=0  transition  to  that  on  the  v'=9  to  v"=0  transition.  Curve  C  is 
the  ratio  of  the  emission  on  a  spectral  peak  predominantly  due  to  the 
v ’ =7  to  v"=0  transition  to  that  on  the  v'=9  to  v"=0  transition.  Curve 
D  is  the  ratio  of  the  emission  at  374  nm  to  that  on  the  v'=9  to  v"=0 
transition.  Several  vibrational  transitions  overlap  at  374  nm.  However, 
the  strongest  transition  is  v’=0  to  v"=7  and  all  of  the  overlapping 
transitions  originate  from  low-lying  vibrational  states.  Thus  the 
curves  B,  C,  and  D  correspond  to  transitions  originating  from  successively 
lower  values  of  the  upper  state  vibrational  excitation.  Lower  values 
of  vibrational  excitation  are  clearly  favored  at  high  power  levels. 

Since  in  this  configuration  an  increase  in  power  loading  results 
in  an  increase  in  gas  density,  the  behavior  of  E/N  with  increases  in 
power  loading  is  not  obvious.  However,  vibrational  relaxation  does 
occur  at  a  faster  rate  as  the  power  loading  is  increased.  The  results 
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FIGURE  33  Characterization  of  the  emission 

from  a  sulfur  discharge  tube  without 
external  heating  of  the  discharge  tube. 
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of  Figure  33  are  consistent  with  the  electronically  excited  sulfur 
being  formed  in  a  high  vibrational  level.  As  power  loading  and  the 
rate  of  vibrational  relaxation  increases,  a  larger  fraction  of  the  S2 
molecules  are  transferred  into  vibrational  levels  from  which  predissocia¬ 
tion  occurs,  leading  to  a  decreased  overall  signal.  In  addition,  more 
S2  molecules  are  transferred  into  low  lying  vibrational  levels  as 
indicated  in  Figure  33. 

A  systematic  study  was  undertaken  of  the  effect  of  the  pressure 
of  sulfur,  the  nature  of  the  gas  with  which  tubes  were  backfilled,  and 
the  pressure  of  the  background  gas.  For  this  study,  the  discharge  tube 
was  located  at  an  angle  to  the  applicator  axis  so  the  tube  extended 
beyond  the  region  of  high  microwave  field.  As  discussed  earlier,  this 
configuration  means  that  the  gas  pressure  is  determined  primarily  by 
the  external  source  of  heat  and  not  to  a  very  great  extent  by  the 
microwave  power  absorbed.  For  this  systematic  study,  the  microwave 
power  levels  were  kept  at  the  same  value  as  determined  using  a  digital 
volt  meter  on  the  output  of  the  power  monitors. 

In  spite  of  the  efforts  to  keep  the  experimental  conditions 
constants,  there  was  a  great  discrepancy  between  readings  taken  under 
apparently  identical  conditions.  For  example.  Figure  34  shows  the 
spectrally  integrated  emission  from  a  sulfur  discharge  tube  with  a 
backfill  of  50  torr  argon.  "Spectrally  integrated"  means  that  the  data 
acquisitions  system  described  earlier  was  used  to  integrate  the  measured 
data  over  the  entire  frequency  range  in  which  emission  occurred,  after 
first  correcting  the  data  for  the  wavelength  dependence  of  the  response 
of  the  photomultiplier-spectrometer  detection  system.  The  difference 
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between  measurements  taken  on  successive  days  was  as  much  as  a  factor 
of  two.  In  some  cases  in  a  series  of  measurements,  a  final  measurement 
would  be  much  lower,  in  some  cases  higher.  When  an  initial  reading  taken 
under  the  same  conditions  and  on  the  same  day,  it  was  initially  thought 
that  some  chemical  effects  between  the  sulfur  and  the  quartz  discharge 
tube  may  be  responsible  for  the  inconsistencies.  To  investigate  this 
possibility,  a  tube  was  "cycled":  after  measurements  were  taken  at  a 
low  operating  pressure,  the  tube  was  heated  to  a  high  temperature  and 
pressure  with  the  microwave  level  held  constant.  The  tube  was  allowed 
to  cool  to  the  original  pressure  and  after  a  steady  state  was  reached, 
another  measurement  was  taken.  The  process  was  then  repeated.  In  this 
test  the  measurements  agreed  to  within  a  few  percent.  The  cause  of 
irreproducibility  in  other  measurements  remains  a  mystery. 

The  time  averaged  spectrally  integrated  emission  is  plotted  as  a 
function  of  the  pressure  of  sulfur  and  the  backfill  gas  in  Figures  35 
and  36  for  helium  and  argon  respectively  as  the  backfill  gas.  Some 
nonreproducibility  of  the  measurements  is  also  evident  in  these  graphs. 

In  view  of  the  scatter  in  the  measurements,  conclusions  drawn  from  these 
graphs  may  be  arguable.  The  trends  in  the  data  indicate  that  the  emission 
from  tubes  with  a  high  pressure  of  background  gas  is  definitely  lower 
than  that  with  a  lower  pressure.  Optimum  results  are  obtained  with  0.5 
torr  of  helium  or  with  5.0  torr  of  argon.  For  a  given  backfill  pressure, 
as  the  sulfur  pressure  is  increased  the  emission  increased,  goes  through 
a  maximum,  and  then  decreases.  The  maximum  is  at  about  2  torr  with  a 
low  pressure  (~0.5  torr)  of  backfill  gas  and  at  about  5  torr  when  5  torr 
of  backfill  gas  is  used. 
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The  pulsed  component  of  the  visible  emission  was  measured  simul¬ 
taneously  with  the  time  averaged  emission  discussed  above.  Figures 
37  and  38  present  these  results  for  sulfur-helium  and  sulfur-argon 
discharge  tubes  repsectively.  For  0.5  torr  and  for  50  torr  of  back  fill 
gas,  there  is  little  difference  between  the  measured  emission  when  using 
the  two  different  gases.  However  the  emission  seemed  considerably 
higher  when  using  5  torr  of  helium  than  when  using  5  torr  of  argon. 

The  role  of  argon  and  helium  in  collisions  with  excited  sulfur 
molecules  has  not  been  completely  elucidated.  Durands  [46]  and  McGee 
and  Weston  [47]  report  that  argon  and  helium  can  either  lead  to  vibra¬ 
tional  relaxation  or  electronic  quenching  with  the  cross  sections  for 
both  processes  being  approximately  gas  kinetic.  The  quenching  of  the 
electronic  energy  probably  occurs  because  the  molecule  is  collisionally 
excited  to  vibrational  states  with  vMO.  These  states  spontaneously 
dissociate  into  sulfur  atoms  as  a  result  of  the  crossing  of  the  poten¬ 
tial  curve  for  the  B  state  with  that  of  an  unbound  electronic  state 
(Figure  7).  However,  Caughey  and  Crosley  [48]  report  that  collisions 
with  the  rare  gases  lead  primarily  to  vibrationally  and  rotational ly 
relaxed  B-state  S2.  The  data  of  reference  [48]  is  used  to  calculate 
the  frequency  of  collisions  between  vibrationally  excited  sulfur  and 
the  back  fill  gas  that  lead  to  vibrational  relaxation,  and  the  frequency 
of  collisions  between  excited  state  sulfur  and  ground  state  sulfur  that 
lead  to  quenching. 

It  was  found  that  at  one  torr  of  sulfur,  quenching  collisions  were 
as  frequent  as  relaxational  collisions  in  tubes  with  5  torr  of  back  fill 
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FIGURE  38  Pulsed  component  of  visible  emission 
from  sulfur  vapor  irradiated  by  CW  and 
pulsed  microwaves: 

Sulfur  plus  A  0.51  Torr  helium 
O  4.9  Torr  helium 
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gas,  either  helium  or  argon,  and  much  more  frequent  in  tubes  with  0.5 
torr  of  back  fill  gas.  At  10  torr  of  sulfur,  quenching  collisions  were 
as  frequent  as  relaxational  collisions  in  tubes  with  50  torr  of  back 
fill  gas  and  much  more  frequent  in  tubes  with  0.5  or  5  torr  of  gas. 

The  results  (Figures  35  to  38)  show  there  to  be  no  significant 
difference  between  the  dependence  on  sulfur  pressure  when  the  backfill 
gas  is  0.5  torr  of  either  helium  or  argon.  However  there  is  wide 
differences  between  the  curves  for  5  torr  of  backfill  gas. 

In  the  above  measurements,  the  incident  microwave  power  was  held 
at  a  constant  value  throughout.  In  different  tubes  and  as  the  sulfur 
pressure  was  varied,  the  ratio  of  electric  field  to  number  density,  E/N, 
is  a  variable  quantity.  The  dependence  of  emission  intensity  on  gas 
pressure  (Figures  35  to  38)  will  be  partially  due  to  the  probability  of 
quenching  collisions  but  will  also  be  influenced  by  the  dependence  of 
excitation  probability  on  E/N.  As  the  sulfur  pressure  was  increased,  the 
fraction  of  the  incident  power  that  was  absorbed  by  the  plasma  decreased. 
The  dependence  of  absorption  on  sulfur  pressure  was  stronger  for  the  cw 
power  than  for  the  pulsed  power,  and  was  stronger  in  tubes  with  50  torr 
of  backfill  gas  than  in  tubes  with  a  lower  helium  or  argon  pressure. 

The  extent  of  the  discharge  when  the  discharge  tube  was  mounted 
at  an  angle  to  the  applicator  was  in  principle  limited  by  the  length  of 
overlap  between  the  tube  and  the  region  of  high  microwave  intensity. 

In  practice  the  extent  of  discharge  was  found  to  decrease  with  increasing 
sulfur  pressure  and  with  increasing  pressure  of  the  backfill  gas. 

The  spectral  distribution  of  the  radiation  emitted  by  the  sulfur 
plasma  is  shifted  to  longer  wavelengths  as  the  pressure  of  backfill  gas 
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was  increased,  as  illustrated  in  Figure  39.  For  low  background  gas 
pressures,  emission  is  greatest  for  wavelengths  shorter  than  320  nm. 

As  shown  in  Figure  I I -8,  primarily  higher  vibrational  states  of  S2:B 
contribute  to  emission  in  this  spectral  region.  For  wavelengths  in  the 
range  340  -  410  nm,  the  largest  contribution  to  the  emission  comes  from 
low  lying  vibrational  levels  of  the  excited  electronic  state.  Tubes 
with  a  higher  pressure  of  background  gas  give  the  largest  contribution 
in  this  spectral  region,  indicating  that  in  these  tubes  vibrational 
relaxation  has  occurred  before  emission.  This  is  verified  in  Figure 
40  which  gives  the  results  of  the  computation  of  populations  of 
vibrational  states  from  the  spectral  distribution  of  the  emission.  The 
results  of  the  calculation  are  not  spectacularly  impressive;  a  "jagged" 
dependence  on  vibrational  quantum  number  is  produced  rather  than  a  smooth 
curve,  as  a  result  inaccuracies  in  some  of  the  data  that  had  been 
input  to  the  computer  calculation.  Nevertheless,  the  trends  in  the 
populations  do  indicate  increasing  relaxation  with  increasing  pressure 
of  buffer  gas.  For  low  pressure  of  argon,  the  population  distribution 
is  approximately  constant  with  a  tendency  to  increase  at  higher  vibra¬ 
tional  levels.  At  higher  argon  pressures,  a  larger  fraction  of  the 
population  is  in  low  lying  vibrational  levels. 

In  low  pressure  discharges  in  sulfur,  spectral  lines  of  atomic 

5  5 

sulfur  was  observed.  Emission  at  468  nm  is  due  to  the  P  to  S  and 

3  3 

that  at  528  nm  is  due  to  P  to  S  transitions  [26].  In  both  cases,  the 


upper  level  for  the  observed  transactions  is  at  74000  cm"1  or  about  6  eV 
above  the  ground  state  of  atomic  sulfur.  The  dependence  of  the  emission 
on  the  pressure  of  sulfur  gas  is  illustrated  in  Figure  31.  From 
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FIGURE  41 

Dependence  on  sulfur  pressure  of 
emission  intensity  on  atomic  and 
impurity  lines.  Note  the  vertical 
axis  units  are  not  the  same  for  each 
graph. 

(a)  atomic  sulfur  at  468  nm 

(b)  hydrogen  6  at  486  nm 

(c)  CS  at  256  nm 

(d)  argon  at  415  nm 

(e)  total  emission  275-515  nm, 
primarily  from  diatomic 
sulfur. 
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Figure  7  it  is  observed  that  diatomic  sulfur  in  the  excited  electronic 
state  B3£  predissociates  into  ground  state  atomic  sulfur.  Therefore, 
the  decrease  in  emission  from  atomic  sulfur  as  the  gas  pressure  is 
increased  does  not  necessarily  mean  that  dissociation  is  no  longer  taking 
place.  The  decrease  in  emission  may  be  because  at  high  gas  pressures 
the  electron  energy  is  too  low  to  electronically  excite  the  atomic  sulfur 
produced  by  predissociation. 

7.  IMPURITIES  IN  SULFUR  DISCHARGES 

The  first  plasma  in  a  newly  made  sulfur  discharge  tube,  when  no 
external  heat  was  applied,  gave  a  spectrum  in  which  all  lines  were  iden¬ 
tified  as  due  to  the  backfill  gas,  either  helium  or  argon.  With  several 
hundred  watts  of  continuous  power  the  discharge  comes  blue  and  contains 
spectral  lines  of  S2  and  the  radical  CS,  with  atomic  lines  of  C  (248  nm) 
and  S  (469  nm)  appearing  weakly.  The  helium  lines  are  absent  under  these 
conditions.  As  the  external  heating  is  turned  on  to  heat  the  tube,  the 
atomic  lines  weaken  and  the  S2  emission  becomes  stronger  with  respect  to 
the  CS  impurity.  Several  tubes  were  run  with  continuous  microwave 
inputs  of  greater  than  700  watts.  However,  under  these  conditions  the 
quartz  walls  of  the  tube  could  be  seen  to  be  glowing  when  the  microwave 
discharge  was  suddenly  extinguished.  After  this,  a  discharge  run  under 
the  same  conditions  that  were  previously  used  to  record  a  helium  spectrum 
now  was  a  bright  red  colour  and  gave  the  spectrum  of  atomic  hydrogen 
in  addition  to  that  of  helium.  With  slightly  higher  cw  power,  but 
without  external  heating,  the  spectrum  of  CO  was  obtained.  It  appears 
that  the  extreme  heat  of  the  discharge  under  high  power  conditions 


dissociated  some  impurity  species  that  had  previously  not  contributed  to 
the  emission. 

The  CS  impurities  were  observed  in  all  the  discharge  tubes, 
although  the  emission  was  weakest  in  discharge  tubes  in  which  extraordi¬ 
nary  care  was  taken  concerning  purity.  The  mechanism  by  which  carbon 
is  admitted  to  the  tubes  is  not  known.  The  CS  emission  probably  results 
from  discharge  induced  dissociation  of  CS2,  a  stable  molecule  which  may 
be  formed  from  the  unknown  carbon  source  in  the  first  discharge  in  each 
new  tube.  The  amount  of  CS2  in  the  tube  may  be  quite  small  but  it  would 
dominate  the  sulfur  emission  at  low  power  levels  or  with  little  external 
heating  since  the  vapour  pressure  of  sulfur  is  very  much  lower  than  that 
of  CS2.  As  the  tube  temperature  is  increased,  the  emission  from  S2 
dominates  that  from  CS.  Because  of  this,  the  presence  of  impurities  in 
the  tube  is  not  considered  an  important  factor. 

Figure  42  indicates  that  the  sulfur  monoxide  spectrum  was 
present  along  with  the  S2  spectrum  in  some  cases.  The  SO  emission 
appeared  to  get  progressively  stronger  as  the  tube  was  run  for  long 
periods  of  time  under  high  power  loading  conditions.  When  a  discharge 
tube  in  which  SO  appeared  was  run  at  low  powers  with  little  external 
heating,  in  some  cases  the  SO  emission  completely  dominated  the  S2 
emission.  The  spectrum  of  OH  often  appeared  under  the  same  conditions 
as  that  of  SO. 

The  SO  and  OH  emission  would  never  appear  in  a  tube  operated  only 
under  moderate  power  input,  for  example,  with  about  150  watts  continuous 
incident  on  the  plasma. 


FIGURE  42 

Emission  from  a  sulfur  discharge  tube  in  the  range 
266  to  296  nm,  showing  SO  as  well  as  S~  emission. 
The  three  figures  are  on  progress1vely£1ncreasing 
gains  of  the  chart  recorder. 
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The  source  of  the  hydrogen  and  oxygen  which  appears  in  observed 
spectra  is  believed  to  be  the  fused  silica  discharge  tubes.  The 
"Suprasil"  fused  silica,  supplied  by  Heraeus  Amersil,  Inc.,  used  in  the 
fabrication  of  discharge  tubes  contains  greater  than  0.1%  by  weight  of 
the  hydroxyl  (OH)  group  (491.  Grades  of  fused  silica  containing  a  lower 
OH  concentration  are  commercially  available;  however,  they  generally 
contain  a  higher  concentration  of  metallic  impurities  that  reduce  the 
ultraviolet  transmittivity. 

The  heating  of  fused  silica  by  a  gas  torch  will  cause  the  release 
of  the  OH,  and  the  formation  of  water  droplets  on  a  cooler  portion  of 
the  inside  wall  of  the  tube.  Moreover  a  white  ring  will  form  on  the 
tube  wall  a  short  distance  away  from  the  spot  in  which  the  torch  is 
applied.  The  white  deposit  is  silicon  monoxide  formed  as  a  result  of 
the  dissociation  of  the  silica  (silicon  dioxide).  Evidently  oxygen 
must  be  released  also.  In  an  earlier  study  of  absorption  and  radiative 
lifetimes  in  a  sealed  quartz  cell  C 50]  ,  the  presence  of  S02  and  possibly 
of  H2S  was  observed.  In  this  case  the  gas  of  sulfur  molecules  was  not 
exposed  to  an  electrical  discharge  but  was  kept  at  elevated  temperatures 
for  extended  periods  of  time  before  the  impurities  were  detected.  In 
this  experiment  as  well  as  in  those  described  in  this  report,  the  impurity 
species  most  probably  result  from  the  reaction  of  the  hot  sulfur  with 
the  quartz. 
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